Objectives. To investigate the distraction forces affecting grafts used to treat abdominal aortic aneurysms in an in vitro model. Method. Using a standard cardiac pump and a rigid plastic circulation system, distraction forces were measured with a gramometer attached to a PTFE graft while the pressure inside a rigid aortic sac was varied.
Introduction
Migration of the stent graft is still a major complication after endovascular repair of an abdominal aortic aneurysm (AAA). 1 -4 If this happens a type I leak will occur with the threat of rupture, which needs urgent corrective treatment. All of the factors, which influence migration are not yet recognised but it is likely that this serious problem can be approached in a number of ways. Before we can do this, we need to understand the factors that cause migration and determine which anatomical and pathophysiological circumstances are important in each patient. We can then, hopefully, develop a stent graft, which will resist migration and then try and modify the environment in each patient so that the risks of migration are minimised or even abolished.
In this paper we describe in vitro experiments, performed using a model we have developed to examine some of the factors, which may be important in reducing the risk of the stent graft migration.
Materials and Methods

Experimental model
This work was carried out in the Department of Engineering, University of Leicester. Our in vitro model ( Fig. 1) consists of a rigid cylinder (1) made of transparent plastic to mimic the aneurysm. A window (2) in the cylinder allows direct access to allow the graft (3) to be examined if required. During the experiments the window was securely closed with a rigid cover (rubber-plastic sandwich) to provide a seal. There are three ports on the cylinder; one (10) is used for connection to a pressure transducer and a second (11) for filling the cylinder with liquid and developing a pressure within it. The third (12) allows run off from the 'aneurysm'. Two further pressure transducers were connected to the system (13 and 14) to allow measurement of pressure at these points. All transducers were connected to a computer using a DAQ card for all interfaces PC1-M10-16E (National Instruments UK and Eire Measurement House, London Road, Newbury Business Park, Newbury, Berkshire RG14 2PS, UK). Pressure waves were reproduced on a computer using LabView 6.1 and stored in digital form or as a picture when required for further analysis.
Several improvements have been made to suit the needs of the experiments described here (Fig. 2) . A special connection was constructed to hold the stent graft in place and allow the displacement to be measured. The connection consisted of a very thin and lightweight rigid plastic cylinder (1) mounted in an external tube (4) . The diameter of the cylinder allowed it to move inside the tube without significant friction. In order to reduce friction further, two small steps (5) were constructed inside the tube. This design also allowed an excellent seal and prevented leakage through the connection. The cylinder had a ringed support (2) , rigid enough to ensure that its circular shape was maintained while a load was applied to it. A thread (6) was attached to the cylinder and the other end passed through a pinhole in a thin tube and attached to the transducer of the gramometer ( Fig. 1,  6 ), which was also connected to a computer using DAQ card for all interface PCI-M10-16E. This allowed us to observe all the traces on the same display and record the changes in pressures and displacement forces simultaneously. The gramometer contained a mechanical part, which was designed to move the transducer ( Fig. 1, 7 ) forward and backward allowing us to increase or decrease the strain of the thread. Standard tubular Gore-Tex Stretch Vascular Graft, 22 mm diameter and 110 mm in length (Gore Medical Products, Flagstaff, AZ, USA, 86003-3200) was glued to the cylinder after removing the external coating of the graft. The other end of the graft was attached to a rigid tube, which was the outflow for the circulation. Water was used as the circulating liquid. After the model was filled with water, but before starting the flow, the thread (attached to the cylinder) was pulled to find the minimal load required to start movement inside the tube. This was found to be between 4 -6 g after repeated testing, confirming the reliability of the model. Several series of experiments under different conditions were then undertaken to make sure that the set-up worked properly. Water was pumped through the system at pressures of 120 and 140 mmHg. The pressure in the aneurysm was allowed to vary between 100 and 120 mmHg by adding or removing water from it. The load needed to hold the graft in position changed depending on the difference in pressures inside the graft (circulating pressure) and the aneurysm. In each experiment the bigger the difference in the pressure between the 'circulation' and the sac the bigger the force required to hold the graft in place.
Protocol of the experiments
All parts of the model were filled with the water and the cardiac pump (COBE, Lakewood Co, 80215, USA) was set at 80 rotations per minute (rpm) pumping water in an anticlockwise direction. Before the pressure in the system was increased, a load of 300 g was applied to the graft by pulling the thread with the gramometer. The peripheral resistance was increased by partly clamping the outflow until the pressure inside the graft increased to 120 mmHg. The pressure inside the aneurysm sac was set at the same level. By moving the transducer of the gramometer toward the system the strain on the thread was gradually reduced until the moment the cylinder started to move out of the tube. The experiment was repeated after the water was completely removed from the aneurysm so that the pressure outside the graft was atmospheric. This experiment was performed 10 times. The aneurysm was then 'opened' so that only atmospheric pressure prevailed on the graft. The pump was set at 80 rpm and the minimal load required to hold the immobile graft in position was measured with the pressure inside the graft (systemic pressure) at 100 mmHg. The pressure was then changed to 120 mmHg by increasing the peripheral resistance (applying clamps to the outflow) and the minimal load measured as before. The pressure was then increased to 140 mmHg and the experiment repeated. This experiment was repeated 15 times. The seal was checked every time when the aneurysm was empty. There was no leak through the graft wall during all the experiments or through the pinhole tube through which the thread passed.
Statistical analysis
Sample mean and standard deviation were generated for the first experiment. They are all represented by a Fig. 3 . Minimal load required to hold the graft in position, when pressures in the 'aneurysm' were 120 and 0 mmHg. The pump was set at 80 rpm and systemic systolic pressure was 120 mmHg for the both cases. normal distribution of the values within the population.
Using the same approach as for the first experiment, the results of the second experiment were assessed as three independent sets of experiments (for the pressures of 100, 120 and 140 mmHg). They demonstrated a normal distribution of the values within each group.
After that, multiple regression analysis was used to describe the relationship between the groups within the results of the second experiment.
The three means for the groups of the results of the second experiment were used to build a plot with the three systemic pressures of 100, 120 and 140 mmHg ( Fig. 5 ).
Results
The results of the first experiment are shown in Fig. 3 . It can be seen that when the aneurysm was empty, the minimal load required to hold the graft in an immobile position was 208.4^1.4 g. When the pressures inside and outside the graft were equal, no load was required to hold the graft in place, the displacement force being zero. It was in these circumstances possible to disconnect the thread from the gramometer, the cylinder with the graft attached, remaining in position without any movement. The mean value for this group was 208.4.
The results of the second experiment are shown in Fig. 4 , and, demonstrate that the displacement force applied to the graft increased with the systemic pressure. In the second experiment the minimal load required to prevent graft migration was 246.5^2.5 g when the systemic pressure was 100 mmHg; 288^3.0 g when the pressure was 120 mmHg and 330.5^0.5 g when the pressure was 140 mmHg. The mean for the first group (systemic pressure 100 mmHg) was 246.2. For the second group (systemic pressure 120 mmHg), the mean was 287.4. For the third group (systemic pressure 140 mmHg), the mean was 330.4. Further analysis demonstrated strong correlation between the first and second groups ðp ¼ 0:0915Þ and a weak correlation between the third group and any of the first two (p ¼ 0:4738 with the systemic pressure at 100 mmHg and p ¼ 0:5527 for the systemic pressure at 120 mmHg). This can be explained by the fact that with increasing displacement forces it was easier to detect the moment when movement of the graft began and the measurements for the systemic pressure at 140 mmHg were therefore more accurate.
Some comment is needed to explain the difference between the values for the minimal load in the first and second experiment when the systemic pressure was the same (120 mmHg) and when the aneurysm was empty. The length of the PTFE graft and its attachments were exactly the same in both experiments ( Fig. 6 ). As the graft filled with water and the pressure inside the graft was increased to the required level for each experiment, the length of the graft increased significantly. As a result the graft came in contact with the wall of the aneurysm (Fig. 7) . In our second experiment it was not obligatory for the graft to stay in the aneurysm because we did not develop pressure outside the graft. We let part of the graft prolapse out of the aneurysm through the window. In these circumstances contact between the graft and the aneurysm was less than in the first experiment and the displacement force appeared bigger. This observation suggests that friction between the stent graft and the wall of the aneurysm can further reduce the displacement force explaining the difference in the values seen here. When the results are plotted in graphic form, it can be seen (Fig. 5 ) that the displacement force applied to the stent graft by the pressure of the pulsatile arterial flow, in circumstances when the other factors can be ignored, seems to be directly dependent on the arterial pressure.
Discussion
Stent graft migration has always been considered a possibility since the introduction of stent grafting for the treatment of AAA. 5, 6 Because of this, discussion about the best method of stent graft fixation still continues today. 7, 8 Some authors and manufacturers, believe that friction between the stent graft and aortic wall is enough to secure a firm attachment. Others insist that additional fixation using barbs, hooks or staples is essential. These opinions are based on theoretical knowledge and earlier clinical results. Neither the nature of the displacement force nor its range was known at that time. Initially only proximal attachment sites were considered but distal migration was seen as well and the cause of this phenomenon is again a matter of intense speculation. 9 -12 A short neck, a wide neck, angulation, the presence of thrombus at the attachment side and dilatation of the aortic neck with time have been suggested as factors which increase the possibility of stent graft migration. 13 -17 The role of pulsatile arterial flow in developing the displacement force applied to the stent graft has been concentrated on by others. 18, 19 After this force had been mathematically calculated, several in vitro experiments were performed to try and find out how different types of stent grafts could resist the displacement force developed by pulsatile flow. Different lengths of body and limbs of bifurcated stent grafts have been investigated to show that their resistance to displacement may depend on their configuration. Other authors have demonstrated that grafts fully supported with a metal skeleton can resist far bigger displacement forces than non-supported grafts. 20 Although such experiments have recently been done, there are still many questions about the fluid dynamics of such stent grafts that remain unanswered.
It could be argued that this model is not physiological because it is non-compliant, that there is no radial force exerted by the graft and there are no hooks or barbs to prevent displacement. This was, however, done purposely so that individual variables could be changed and special circumstances developed to evaluate particular parameters in stent graft configuration. This is often impossible in vivo as clinical diagnostic methods are too crude. For our experiments we used water to exclude the variable of density and viscosity of the blood in order to find out how pressure generated by flow could act on a stent graft placed into an aneurysm sac. We therefore accept that the values of the in vivo displacement force may well be different to that found in our study and other variables such as thrombus in the sac may be important. Our results indicate that if the pressure in the aneurysm sac is equal to systemic pressure then the displacement force on the graft will be very low making the need for additional fixation unnecessary. This may mean that when the pressure in the sac is raised under some circumstances this might be good rather than a bad thing, when considering stent graft stabilisation in isolation. We have also shown that the displacement force can be markedly increased by even small changes in systemic blood pressure but whether sudden rises in blood pressure can be the instigator of stent graft movement remains to be seen. This means that keeping blood pressure under control will prevent a rise in the displacement force and, as a consequence, reduce the risk of stent graft migration. This might be particularly important in cases where there are reasons to believe that the attachment of the stent graft is not perfect, such as in those cases with a short angulated wide neck. From these observations we can say that pressure in the sac is an important stabilising force to reduce the displacement forces acting on the stent graft. We can also say that strict control of the blood pressure in these patients is very important in reducing the possibility of stent graft migration.
Reliable attachment of the stent graft to the aortic wall still seems the best way of preventing migration. If however as often happens in clinical practice, marginal cases have to be operated on, additional factors such as those described in this paper could be important.
